INTRODUCTION
As commonly used, most radioactive isotopes are ingested or injected in soluble form and subsequently deposited with a greater or lesser degree of selectivity in various cells and organs. In the event of a single administration, the number of radioactive atoms present at any particular site will increase at first (as they are drawn from the circulation along with their stable isotopes), it will reach a maximum and, as the source of supply becomes exhausted, it will decrease on account of both metabolic turnover and radioactive decay. The latter is accompanied by the release of ionizing radiation, the type and emission rate of which is the exclusive characteristic of the radioelement itself.
The direct measurement of radiation released in this manner in terms of units already established in Radiology is beset with numerous difficulties of experimental nature. Nevertheless when the physical factors of half life and radiation energy, and the physiological factors of uptake and excretion, are known, it is possible, in some cases at least, to make satisfactory estimates of tissue dosage.
The roentgen, as defined by international agreement, applies only to x-or gamma radiation; it can therefore be used for gamma ray emitting isotopes but not for radiation due to primary beta particles. (The roentgen is defined as "that quantity of x-or gamma radiation such that the associated corpuscular emission per 0.001293 gram of air produces, in air, ions carrying one e.s.u. of quantity of electricity of either sign.")
On the other hand if the energy absorbed per gram of air per roentgen (a--. 83 ergs) is made the unit of energy absorption for beta rays, it is possible to establish a comparable basis for beta ray dosage. To be sure, in going from air to tissues certain corrections will have to be made because the energy absorption in tissue per roentgen exposure of x-and gamma rays depends I On leave of absence to the Argonne National Laboratory, Chicago, Ill. on both tissue composition and radiation wavelength, but in practice, for soft tissues, these corrections are not very large. Hence it is possible to define an "equivalent roentgen" as "that amount of beta radiation which, under equilibrium conditions, releases in one gram of air as much energy as one roentgen of gamma rays." Since the accepted symbol for the roentgen is "r," it is convenient to designate the equivalent roentgen by "e.r." (This is essentially the same unit as the "rep" or "roentgen equivalent physical" of the Plutonium Project.) In the present paper, formulae expressing the relationship between radiation dose and isotope concentrations are presented and their clinical applications discussed by the use of tables containing a considerable amount of pertinent information. Examples of application of the formulae to specific isotopes and definite problems will also be given. For the mathematical and physical aspects of the problem the reader is referred to the literature (1, 2). CALCULATIONS Beta Ray Emitters. When a radioisotope emits only beta rays, the dose is essentially confined to the regions containing the material because the range of the beta particles in tissue is only a few mm. Many organs in small animals used in experiments dealing with isotopes emitting high-energy beta rays are not small in comparison to the range of the beta particles. Proper estimate of the dose in these instances is, in general, very complicated, and must be left to the future.'
The total dose Dp, in equivalent roentgens, due to the com- Table I which refers to beta ray emitters. Z is the atomic number and A the atomic weight of the elements given in the first The sign "O" under the heading "Radiation" indicates the absence of nuclear gamma rays. The column headed "Annihilation radiation" refers to positron-electron recombination, the column headed "Nuclear gamma radiation" refers to gamma rays originating in the disintegrated nucleus. The numbers in parentheses indicate the number of photons of the particular energy that are released per disintegration.
In Group B, the numbers in square brackets pertain to x-ray emission following electron capture and, because of the short range of the radiation, they should not be used in computing e-ray dosage. In practice, this type of dose computation is amenable to the simpler formulae used for a-rays (see Group C in Table I) . 17 is the exposure in roentgens at 1 cm distance in air from an unfiltered point source of 1 mc, for one hour; or milli-roentgens per microcurie-hour (see formula IIla). K7 = 1.44tI7 X 10-8 is the number of roentgens, per microcurie destroyed, at 1 cm distance in air from an unfiltered point source. fd = (1 -e 6931T) is the fraction of the entire quantity of isotope which disintegrates in 24 hours. (T is the half life in days.) = true absorption coefficient of the 7-radiation in water. column. The last column gives the ranges in water for the most energetic beta particles of each beta ray spectrum for the different isotopes. It should be noted that the column for Kp gives immediately the dose in equivalent roentgens for each microcurie completely disintegrating within a gram of tissue.
Gamma Ray Emitters. When a substance is a gamma ray emitter, the problem of dosage determination is more complicated. The rays released in a given gram of tissue produce only a small amount of ionization there; most of their energy is expended elsewhere along their paths. The problem becomes somewhat analogous to that of interstitial radium gamma ray dosage, except that instead of discrete sources one is confronted with extended ones. Table I, headed Sp, which indicates the "safe tracer concentration," that is, the number of ,uc per kg of tissue weight which will result in a whole tissue dose of 0.1 r the first day, due to the beta rays alone. (The gamma ray contribution will be discussed below.) In the case of a short-lived element, the dose on succeeding days will quickly decrease to the vanishing point, while for longlived substances it will continue at an appreciable level for some time. This criterion of "safe dose" is decidedly conservative. One might prefer to choose such a level as 1 r in 10 or individual whenever the isotope concentration C is known as a function of time. This depends on the amount of isotope administered, the species and metabolic state of the test animal, the mode of administration, the chemical form under which the radioelement is given, etc.
Physiological information of this nature is of great importance; the literature shows that a good deal of animal work has been done on the relative uptake of various isotopes by different tissues at different times. As an example, in Figure 1 are shown the relative radiation doses delivered in different tissues in mice injected intraperitoneally with P32 in the form of Na2HPO4. The animals were sacrificed at various times after the administration of the material, and the concentration of p32 was determined for the various tissues and organs. By adding graphically the daily doses as expressed by equation II it was possible to calculate the dose of radiation received by each tissue as a function of time (3) . Similar calculations were made for the whole body assuming uniform distribution. The It is recognized that with PI' in mice these determinations are not as accurate as one would wish because the linear dimensions of most organs are smaller than the range of a considerable portion of the beta particles emitted by P32. Similar information in larger animals would yield more reliable figures. Conversely this type of calculation would be fairly accurate even in a small animal, as the mouse, if soft beta ray emitters (HI, C14, S35, etc.) were used.
When working with humans it is not possible in general to study concentrations throughout the body and their variations with time by in vivo measurements; the extreme concentration of iodine in the thyroid is an exception. For most isotopes information must be obtained from biopsy and autopsy measurements and hence the data are meager; moreover they are scattered through various publications which were often not prepared with this point in mind. Accordingly it has happened too often that the published results lack some essential fact, such as the actual weight of the individual. It is to be hoped that more of this information will be forthcoming. In the meanwhile, it is wise to adopt a conservative attitude in dealing with humans whenever physiological information is lacking. This can be done by assuming that no biological elimination takes place.
Differential Absorption Ratio. To take into account the differences in uptake which lead to differences in dose for the various tissues, it is convenient to express the concentration in terms of a "differential absorption ratio" (D.A.R. It should be mentioned in this connection that the safe doses listed here are calculated on the assumption that the individual is receiving no radiation from any other source. Extensive radiographic or fluoroscopic procedures may result in an appreciable dose of radiation, and such possibilities must not be overlooked.
TRACER ISOTOPES-EXAMPLES
In order to illustrate the use of the material presented in this paper sample calculations will be given for some isotopes commonly used in tracer experiments and in therapy. These will be presented in order of the complexity of their spectra.
Radioactive phosphorus-P82-(Beta parties only)
If the isotope were evenly distributed throughout the body and no elimination took place the values of Table I As already mentioned, the most exhaustive information on the distribution of this isotope in mice (3) shows that the highest radiation dose is given to bone, followed in order by spleen, liver, kidney, muscle and blood. In general, the limited information on adult humans obtained for the major part from autopsies of leukemic patients (4-9), does not contradict the results in mice, provided that only non-infiltrated tissue obtained from patients given single doses of p32 be taken into consideration. Limited data on non-irradiated surgical material are also available (10) . The most reliable D.A.R.'s on bone are of the order of unity though wide variations are noted not only among individuals but also among portions of the same bone (5, 10). The absolute value of the D.A.R.'s for human bone -as in the case of mice-seems to bear no detectable relation to the time elapsed between administration and assay; this points to a slow "net" elimination of p32 from bone.
The highest D.A.R. reported on human marrow (7, 10) devoid of leukemic infiltration can also be taken of the order of unity for the first few days following p82 administration. Data on sternal aspiration (7), however, are decidedly lower, being much closer to that of blood. The latter in humans receives "apparent" doses of the order of 20 per cent of the theoretical whole body dose (11) . It seems therefore that doses of the order of 2.4 ,lc per kg of body weight can be safely administered, though they may produce wholly transitory but definite biological effects, such as those reported by Low-Beer and Treadwell (12) for concentrations of 6-9,gc per kg of body weight.
If p32 is administered intravenously in insoluble form the deposition in the liver and spleen is likely to be very marked (13) . The body weight 1.7 kg being the weight of the average human liver (14) . In this case the maximum permissible concentration would Radioactive strontium-Sr89-(beta particles only) Work on animals (15) indicates that this isotope is highly concentrated in the bone. Human material has been reported by Treadwell et al. (16) 10 (weight of skeleton = 10 per cent of body weight); nevertheless, the most active parts of the bone concentrate it more and hence the higher value adopted is not unreasonable.
Radioactive sodium-Na24-(beta and gamma radiation)
This isotope of sodium, administered orally or intravenously, is eliminated in very small amounts during times comparable to its half life. Since it is distributed rather uniformly throughout the body (17, 18) , computation of beta ray dosage can be made on the basis of D.A.R. = 1. The factor So of Table I can be applied directly in the case of small animals where the beta rays account for most of the radiation dose, the factor g in the gamma ray formula being very small. For larger animals and humans, however, the gamma ray contribution cannot be neglected. In this case dosage calculations become more involved.
As pointed out above the contribution of gamma rays to the daily tissue dose is do = CyKfdg roentgens where C = concentration in ;sc per gram of tissue K7 = roentgens at 1 cm per pcd fd = fraction of atoms destroyed in one day g = geometrical factor which is a function of the size and shape of the tissue volume and the penetration of the radiation. For purposes of calculation one may assume that the human trunk is a cylinder of radius R = 20 cm and height 2Z = 60 cm, and that C is constant throughout. Under these conditions the highest dose is delivered at the midpoint of the axis and g can be expressed with sufficient approximation (1) as g = 314-4140 JU where ju is the absorption coefficient of the gamma rays in tissue. For the gamma rays from sodium (see Table II) Similarly (Table I) Radioactive sodium-Na22-(beta and gamma radiation) The computation of tolerance dose follows closely that illustrated for Na24 except for the numerical values involved. Thus, K. = 500; fd = 6.3 X 10-4; g = (314 -4140 X 0.032) = 181, since JL can be considered to be 0.032 for the purpose of this approximation. This dose (Dp+7) would be delivered over a period of years if there were no excretion of the sodium. However, experimentally the material has a physiological (or effective) half life of the order of one month or less, in normals and in individuals with congestive heart failure (19) . In these cases the actual Dp+7 is nearer to 3,000 C. For nephrotics excretion is very much slower, and the dose of radiation would be correspondingly larger.
These two sodium isotopes offer a good illustration of the point made above regarding the repetition of tracer doses. Although the doses of the two isotopes which will give 0.1 e.r. the first day are essentially the same, the total dose from this amount of Na24 may be repeated much sooner. Radioactive iodine-I130-(beta and gamma radiation)
The distribution of radioiodine in the body is characterized by a high and relatively stable deposition in normal thyroid tissue and a low concentration in the rest of the body.
Assays in rabbits and rats (20) show that at various times after administration of iodide, most known radiosensitive tissues show average concentrations of the isotope close to that of blood. Unfortunately no information is available for the marrow. The concentration in thyroid tissue, however, is so markedly different from the rest of the body that the dosage problem assumes different aspects according to whether tracer studies or radical therapeutic procedures are contemplated. Full discussion of the latter is outside the scope of the present paper (21, 22) .
In the case of tracer studies it is of interest to calculate the dose to the thyroid itself, since it is very unlikely that the radiosensitivity of any other tissue in the body is such as to overcome the very large thyroid D.A.R. From Table I the beta ray daily dose is readily calculated. These doses, which deliver 0.1 r to the gland and less than one per thousand of this to the entire body, are obviously well below the accepted tolerance dose to the whole body. They correspond to oral or intravenous administration of 0.2 to 2 juc per patient (to account for excretions of 10 (23) .
It seems therefore that in benign conditions, doses permitting excretion and tissue assays, blood concentration and in vivo measurements can be expected to produce no untoward effects, since the radiation is limited for a relatively short time to a very small part of the body which is not particularly radiosensitive. However, in the case of radioautographs, when radiation therapy or total thyroidectomy is not contemplated, every effort should be made to obtain them with the fastest film and low photographic density (23) .
At this point it is well to consider that when tracer studies are to be carried out once or a few times on an individual, for diagnostic purposes, the physician may legitimately employ doses considerably in excess of those giving only the radiation permitted for continuous exposure. The diagnostic radiologist does not hesitate to give local exposures of several roentgens, and to repeat these at need. The justifiable dose in such cases must be determined by the clinician responsible for the patient.
The above examples illustrate the fact that no general statement can be made regarding the relative importance of the beta and gamma ray contributions to dosage. In the first place, the relative amount of energy emitted in the form of beta and gamma rays varies from one isotope to another. Also the geometrical factor g, which is a function of both penetration of radiation and size of organ, is likely to vary tremendously with the problem, as in the cases of sodium and iodine.
MISCELLANEOUS FORMULAE
The weight of one millicurie of carrier free isotope can be readily calculated by noting that the weight of an atom of an element of atomic weight A is (A/N) X 10' mg where N -6.02 X 102', Avogadro's number. Since 1 mc of an isotope contains 1.44 X T X 3.7 X 10' X 8.64 X l04atoms (T in days) it follows that the weight of 1 mc -1.44 X 3.7 X 107 X 8.64 X 104 X 103 X A X T/6.02 X 10" = 7.65 X 10-9 X T X A mg. Values derived from this formula for the various isotopes are presented in Table I , column 10.
It seems of interest to close this paper with an illustration of the weights of radioelements necessary to produce marked radiation effects. This can be done by the following considerations. In order to deliver 1 e.r. to a tissue by means of a beta ray emitting isotope a concentration C is required such that C = 1/88E#T Mc per gram of tissue.
In terms of weight C = 7.65 X 10-1" X 10-3 X A X T/88EpT = 8.7 X 10-17 A/En gram per gram of tissue.
As an example, for Pn, A = 32; Ed = 0.7 Mev; hence for a lethal whole body dose of 1,000 r the concentration required is C = 8.7 X 107 X 32 X 103/0.7 = 3.98 X 102 gram per gram of body weight (a total of 0.28 ug for a 70kg man). Since phosphorus constitutes only 1.14 X 10l of the weight of the human body (24) only one atom in 2.85 X 109 atoms of phosphorus need be replaced on the average to obtain such an effect, on the assumption that no elimination takes place.
SUMMARY
When radioactive isotopes are employed either as tracers or in therapy, it is important to be able to determine the radiation dosage. This cannot, in general, be measured, but when the half life, radiation energy, and biological uptake and excretion are known, it can be calculated.
Since the basic information regarding radiation disintegration schemes and energies is scattered through many journals, it has been considered desirable to collect pertinent data. Two extensive tables are presented, for beta and gamma rays respectively, giving half life, radiation average energy, fraction disintegrating per day, and specific dosage data, including the safe tracer concentration, for some 33 isotope elements. BIBLIOGRAPHY 
